Articles you may be interested in NMR nuclear magnetic shielding anisotropy of linear molecules within the linear response within the elimination of the small component approach J. Chem. Phys. 134, 034123 (2011) Numerical calculations of relativistic effects on nuclear magnetic shielding constants corresponding to all one-body operators obtained within a formalism developed in previous work ͓J. I. Melo et al., J. Chem. Phys. 118, 471 ͑2003͔͒ were carried out. In this formalism, the elimination of small component scheme is applied to evaluate all quantities entering a four-component RSPT͑2͒ expression of magnetic molecular properties. HX and CH 3 X (XϭBr,I) were taken as model compounds. Calculations were carried out at the Hartree-Fock level for first-order quantities, and at the random-phase approximation ͑RPA͒ level for second-and third-order ones. It was found that values of (X) are largely affected by several relativistic corrections not previously considered in the bibliography. values of the H nucleus are in close agreement with four-component RPA ones. Overall relativistic effects on the shift of (X) from HX to CH 3 X are smaller than the nonrelativistic shifts.
Relativistic effects on nuclear magnetic shielding constants in HX and CH 3 X "XÄBr,I… based on the linear response within the elimination of small component approach
I. INTRODUCTION
NMR spectral parameters in heavy atom containing compounds are very sensitive to relativistic effects. From a theoretical point of view, in the last years four-component formalisms for the calculation of the magnetic shielding tensor and indirect spin-spin coupling tensor based on the Dirac-Hartree-Fock approach were developed. [1] [2] [3] [4] [5] [6] In parallel, different decoupling schemes aiming to reduce the calculation to one based in two-component spinors and to avoid explicit calculation of negative energy states ͑''positronic'' states͒ were considered. In particular, for the calculation of the nuclear magnetic shielding tensor, different theoretical methods were presented based on the Breit Pauli Hamiltonian, [7] [8] [9] zeroth order regular approximation ͑ZORA͒, 10, 11 and Douglas-Kroll-Hess ͑DKH͒ 12-14 approaches. It was shown that in addition to relativistic effects on the unperturbed molecular states, there are other fielddependent operators that must be considered in order to take account of relativistic effects consistently. In fact, some of these newly found operators yield very important values to the magnetic shielding constants of the heavy nuclei. 5 However, numerical results of different methods are very different in some instances. Early four-component results were obtained within the ''diamagnetic approximation,'' in which the diamagnetic contribution to magnetic properties is evaluated with the relativistically corrected molecular ground state but with the nonrelativistic diamagnetic operator. It was recently shown that this procedure may largely underestimate the effect of ''electron-positron rotations'' in the calculation of the nuclear magnetic shielding tensor. 6 Recently, we have presented a new approach based on the elimination of small component ͑ESC͒ scheme. 15 In it, the relativistic four-component second-order ͑Rayleigh-Schrodinger perturbation theory͒ RSPT-like expression of magnetic properties which are bilinear in the magnetic potential were considered. The ESC procedure was applied to reduce the evaluation of all the required quantities in terms of two-component spinors which are solutions of the molecular Breit-Pauli Hamiltonian. As a consequence, the lowest order ͑in 1/c) relativistic effects are consistently obtained. They are expressed as one-and two-body operators entering RSPT corrections of order 1, 2, and 3 to the Schrö-dinger molecular state energy. For clarity, we will identify our scheme as the linear response ͑LR͒ ESC formalism, since the four-component RSPT͑2͒ expression reflects the linear response of the system to a magnetic field. Manninen et al. have also extended previous work within the Breit Pauli Hamiltonian. 9 The LR-ESC and Manninen et al. approaches are closely related. However, different expressions for closely related operators are found. The existence of a sum rule connecting both approaches was proven in Ref. 15 . In preliminary calculations based on the LR-ESC approach, numerical results for some newly found operators were presented. 16 In the present work, numerical calculations of all onea͒ With a fellowship from Universidad de Buenos Aires. b͒ Member of ''Carrera del Investigador,'' CONICET. c͒ Author to whom correspondence should be addressed. Electronic mail: azua@df.uba.ar body relativistic corrections to the magnetic shielding constant found within the LR-ESC approach are presented. In order to compare the obtained results with benchmark fourcomponent results obtained within the Dirac-Fock approach, 5 all calculations are carried out within the Hartree-Fock approximation for first-order quantities, and within the randomphase approximation ͑RPA͒ for second-and third-order ones. The hydrogen halides HX and methyl halides CH 3 X (X ϭBr,I) are taken as model compounds. The nuclear magnetic shielding constant of the heavy and light nuclei are considered.
II. THEORETICAL APPROACH
In the LR-ESC approach, 15 the starting point is the relativistic four-component RSPT͑2͒-like expression of magnetic molecular properties which are bilinear in the magnetic potential. Application of the ESC scheme to both the no virtual pair and the virtual pair creation parts of the four-component expression leads to a two-component formalism. In it, a whole set of one-and two-body operators describing the lowest order ͑in 1/c) relativistic effects starting from the Schrödinger Hamiltonian are obtained. Relativistic corrections to both the diamagnetic and paramagnetic terms of the nuclear magnetic shielding tensor are expressed as first-, second-, and third-order RSPT corrections to the Schrödinger ground state molecular energy. In the present work all onebody operators thus obtained are considered. For the sake of clarity, following Ref. 9 they are separated as: ͑i͒ ''passive'' effects, i.e., those originated by considering relativistic effects on the magnetically unperturbed molecular states; and ͑ii͒ ''active'' effects, i.e., relativistic effects which are specific of the magnetic interacion and which are described by magnetic field-dependent operators.
The details of the theory in which the present work is based are extensively discussed in Ref. 15 . Only a brief account is presented here. Although the same units as in Ref. 15 are used ͑atomic units͒, a constant factor ␤ is introduced in all equations in order to make it simple to change to SI units. In a.u. ␤ϭ1/2mc and in SI units ␤ϭe/2m. Additionaly, in SI units a factor 0 /4 must be added to the nuclear magnetic moment M .
A. Passive relativistic effects
These correspond to inclusion of relativistic corrections to the ͑magnetically͒ unperturbed molecular states. Onebody operators yielding this type of corrections can be divided into ͑a͒ spin-dependent operators; and b͒ scalar operators.
Passive spin-dependent operator
Here we consider the familiar spin-orbit correction
where stands for the two-component Pauli matrices and V C stands for the Coulomb potential of the ͑fixed͒ nuclei of the molecule. The spin-orbit relativistic correction to the magnetic shielding tensor is obtained within third-order perturbation theory including the Fermi contact ͑FC͒, spin-dipolar ͑SD͒, and orbital Zeeman ͑OZ͒ operators. Taking into account the notation introduced in Ref. 15 the operators involved are
where M is the nucleus magnetic moment and r M stands for the electron position with respect to nucleus M. The corresponding correction to the magnetic shielding tensor will be identified as SO 
where L M is the electron angular momentum with respect to nucleus M; and r 0 is the electron position from the uniform magnetic field gauge origin. The symbol ͗͗A;B͘͘ indicates the second-order energy correction for static perturbations A, B.
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B. Active relativistic effects
Magnetic field dependent operators yielding relativistic corrections at the lowest order in 1/c are obtained when the effects of the small component and ''normalization'' of the large component are taken into account within the ESC approach in the evaluation of the magnetic interaction matrix elements between four-component spinors yielding both the diamagnetic and paramagnetic terms. 15 One-body operators thus obtained can also be classified as ͑a͒ spin-dependent operators and ͑b͒ scalar operators.
Active spin-dependent operators
Spin-dependent operators were found to be ͓Eq. ͑44b͒ in
where the acronym SZ-K refers to the combination of the spin Zeeman and kinetic energy operators and BSO refers to the magnetic field dependent part of the spin-orbit operator. Corrections to the magnetic shielding tensor involving these operators are as follows: 
͑SZ-K͒ϭ͗͗H
where the curly brackets stand for the anticommutator. These operators yield relativistic corrections to the magnetic shielding tensor when combined with the OZ and PSO operators in RSPT͑2͒ expressions. We thus define 
where A M and A B stand for the vector potential of the nucleus magnetic field and uniform magnetic field, respectively. The last term expression holds only when the gauge origin is placed at the nucleus position. 15 This operator can be reexpressed to give
where B M stands for the nuclear magnetic field. The corresponding contribution to the magnetic shielding tensor is obtained within first-order perturbation theory and will be identified as ͑Dia-K͒.
In what follows, numerical results for all the above mentioned relativistic corrections to the isotropic magnetic shielding constants in HX and CH 3 X (XϭBr,I) are discussed. Calculations were carried out at the Hartree-Fock level for first-order quantities and at the RPA level for second-and third-order ones. Calculations of SO , ͑Mv͒, ͑Dw͒, ͑SZ-K͒, and ͑BSO͒ were carried out with the DAL-TON program. 18 As part of the present work, the program was modified to calculate the ͑Dia-K͒ term. Calculations of ͑OZ-K͒ and ͑PSO-K͒ were carried out with a modification of the SYSMO 16, 19 , and H Dia-K were calculated in an approximate way as the product of ͑at most two͒ matrix representations of suitable operators in the vector space spanned by the atomic orbitals ͑AOs͒ basis set. For H OZ-K and H PSO-K the products of the H OZ and H PSO operators with the kinetic energy operator were carried out. For H Dia-K the product of the H Dia operator with the kinetic energy operator and the product of the PSO operator with the OZ operator were carried out. The numerical accuracy of matrix elements calculated in this way depends strongly on the basis set quality. However, it is worthy to note that the kinetic energy operator does not change the angular dependence of a given basis set function. As a consequence, if the kinetic energy operator acts on a basis set function belonging to a given ''1'' orbital angular momentum, the result is a function with the same 1. Therefore, in order for the approximate matrix elements to be correct, it is only needed that the basis set be flexible enough within a given 1 angular momentum. The combination of the PSO and OZ operators in principle requires addition of 1ϩ1 and 1Ϫ1 AOs in the basis set.
The basis sets used in this work are based on the Sadlej 20, 21 and aug-ccpVTZ [22] [23] [24] basis sets. These basis sets have been optimized for the calculation of the Fermi contact ͑FC͒ term of J couplings by adding tight s functions and optimizing the contraction schemes in previous work. 25 These modified basis sets are identified by the acronyms Sad-J and aug-J and the contraction schemes in the ͑uncontracted/contracted͒ notation are as follows. For the Sad-J basis set they are: Br, ͓19s12p8d2 f /11s9 p8d2 f ͔; I, ͓23s15p13d3 f /16s13p13d3 f ͔; C, ͓14s6 p4d/9s5 p4d͔; H, ͓10s4 p/6s4p͔. For the aug-J basis set they are: Br, ͓21s15p10d3f/11s10p10d3f͔; I, ͓25s18p13d3f/15s13p13d3f͔; C, ͓15s6 p3d1 f /9s5 p3d1 f ͔; H, ͓10s3 p1d/6s3p1d͔. In some cases different uncontraction schemes have been carried out in order to analyze the numerical convergence of the obtained results. The acronyms Sad-J-un and aug-J-un are adopted for the fully uncontracted basis sets. In some instances, the fully uncontracted basis sets were further enlarged by adding three tight AOs of s, p, and d symmetry with exponents in the ratio 3:1 starting from the largest exponent, and three diffuse AOs of symmetry d and f with exponents in the ratio 1:3 starting from the smaller exponent in the original basis set. Such basis sets are identified by the acronyms Sad-J-un3 and aug-J-un3. Cartesian AOs obtained from the uncontracted Sadlej and aug-ccpVTZ basis sets were used to carry out the calculations in the SYSMO program. Geometric parameters of HX and CH 3 X (XϭBr,I) were taken from Ref. 26 .
III. RESULTS
A. Passive relativistic effects
Passive spin-orbit corrections
The spin-orbit correction SO is the most widely discussed contribution to relativistic effects on shieldings because of its importance in affecting the light nuclei in the vicinity of a heavy atom. Numerical results for this correction are available in the bibliography for HX within density functional theory ͑DFT͒ ͑Refs. 27-29͒, CHF ͑or RPA͒ ͑Refs. 30-32͒, and correlated complete active space ͑CAS͒/RAS ͑Refs. 33 and 34͒ approaches and for the shieldings of the light nuclei in CH 3 X ͑Refs. 27 and 33͒. From these works a clear idea on the relative importance of the SD and two-body SO operators can be conveyed, 5, 29, 33 as well as on the sensitivity of these contributions to correlation effects. 33 Taking these facts into account, the most interesting results sought here are to analyze the performance of the aug-J and Sad-J basis sets in the calculation of this term at the RPA level, and to see the shift on the shieldings of the heavy nuclei when going from HX to CH 3 X.
Results of the FC and SD contributions to SO in HX and CH 3 X (XϭBr,I) are displayed in Table I . It is seen that very similar values are obtained with both the aug-J and Sad-J basis sets. The only exception occurs for the SD term of ͑I͒ in HI. Calculations with the fully uncontracted basis sets were carried out for HBr, HI, and CH 3 Br. In all cases, the FC contribution to SO of all nuclei is hardly affected. This feature can be related to the optimization scheme of the aug-J and Sad-J basis sets. 25 Uncontraction of the basis sets has a significant effect on the SD contribution to SO . This trend could be an indication of the need of higher angular momentum basis set functions at the inner shells in order to obtain reliable results of this term. In the case of HBr convergence of results was explicitly verified by enlarging further the basis sets. For both ͑Br͒ and ͑H͒ only minor changes are found with the aug-J-un3 and Sad-J-un3 basis sets.
Results for (X) in HX (XϭBr,I) are in excellent agreement with previous works. 5, 9, 33 It is interesting to note that calculations within the DKH approach 12 agree well with the ESC-RPA ones. In CH 3 X the shielding effect of the FC term of SO (X) is smaller by Ϸ10 ppm for XϭBr and 25 ppm for XϭI as compared to that in HX. The SD contribution nearly cancells this trend, as it changes oppositely by nearly the same amount for a given basis set. However, it has been shown that when correlation effects are taken into account, the SD contribution to SO (X) in HX is much smaller than the FC one. 9 The RPA calculated change from HX to CH 3 X could also be largely overestimated.
Results for the light nucleus directly bonded to the heavy atom are in excellent agreement with previous RPA results for H in HX 5, 9, 33 and C in CH 3 X. 33 It is worthy to note that for H in HX it has been shown that the two-body SO contributions are small but non negligible. 5, 29, 33 DKH results are very similar in BrH and somewhat smaller in HI. 12 For the H nuclei two bonds away of the heavy atom in CH 3 X small but non-negligible deshielding effects are found for XϭI, in agreement with previous work. 33 
Passive scalar relativistic corrections
Mv and Dw corrections ͓Eqs. ͑9͒ and ͑10͔͒ yield the scalar correction sc , sc ϭ͑Mv͒ϩ͑Dw͒. ͑28͒
In Table II AOs. It is seen that values calculated with the aug-J-un basis set are very similar to those of the aug-J-un3 one, but the addition of tight and diffuse AOs changes significantly the values of the Sad-J-un basis set. The overall effect of the scalar corrections on the magnetic shielding constants of the heavy nuclei is a shielding effect, i.e., in all cases the corresponding value is positive and larger in absolute value than the spin-orbit correction discussed above. The change from HX to CH 3 X can be estimated as a shielding effect of Ϸ5 ppm for XϭBr, but only a very small change of 2 ppm is found for XϭI. The chemical shift effect is smaller for the heavier element.
Results of sc for the light nucleus directly bonded to the halogen atom displayed in Table II show small but nonnegligible deshielding effects for both the H nucleus in HX and the C nucleus in CH 3 X. Such contribution is opposite to that of the spin-orbit correction. It is worthy to note that in these calculations the gauge origin was placed at the nucleus of interest in each case. In all cases the scalar relativistic correction is dominated by the mass-velocity term. Even though results are not fully converged with respect to the basis set, differences in all calculated values of a given term are less than 0.4 ppm. Results of the scalar correction sc for the H nucleus two bonds away from the heavy nucleus in CH 3 X are also small and negative but non negligible. In this case the spin-orbit correction was also small and negative.
Scalar relativistic effects were considered in early works. 32, 35 It was recognized that this contribution is very small in the relativistic correction of the magnetic shielding constant of a light nucleus in the vicinity of a heavy atom. Wolff and Ziegler 27 also included scalar effects in DFT calculations of the spin-orbit correction on magnetic shielding constants of light nuclei in HX and CH 3 X. The present results for the heavy nucleus in HX are in very good agreement with recent work by Manninen et al., 9 but results for the H nucleus are not comparative, as the authors used a fixed gauge origin at the heavy nucleus position, and the present one considers a fixed gauge origin at the light nucleus position.
B. Active relativistic effects 1. Active spin-dependent terms
Contributions ͑SZ-K͒ and ͑BSO͒ ͓Eqs. ͑20͒ and ͑21͔͒ are now considered. These terms are closely related to the 9 and by Vaara, Ruud, and Vahtras in HX and CH 3 X at the RPA and CAS/RAS levels. 34 It should be kept in mind that within the theory developed in Ref. 15 both terms carry different constant factors, there is a spin-dipolar ͑SD͒ contribution to ͑SZ-K͒ and there is no two-body contribution from the second-order spin-orbit term. These differences should be kept in mind when comparing numerical results from different works. It was explicitly shown in Ref. 15 that there is a sum rule connecting operators of the present work to those of Refs. 7 and 9.
In Table III we present results of the ͑SZ-K͒ and ͑BSO͒ terms calculated at the RPA level for all shielding constants in HX and CH 3 X. It is worthy to note that basis sets Sad-J and aug-J were explicitly optimized for the calculation of the FC term of indirect spin-spin couplings and therefore they can be expected to be adequate for the calculation of the FC term of these relativistic effects.
Results for the heavy nuclei X (XϭBr,I) show that the FC components of both ͑SZ-K͒ and ͑BSO͒ take very similar values for the aug-J and the uncontracted basis sets. The corresponding values can be considered to be converged with respect to the basis set, as further enlargement of the uncontracted basis sets yields only minor changes on the obtained results. Completely different comments apply to results of the SD component of both ͑SZ-K͒ and ͑BSO͒: in this case addition of tight and diffuse AOs to the uncontracted basis sets changes dramatically the obtained results. It can be concluded that in order to correctly reproduce the action of the SD operator on inner shell AOs of the heavy nuclei large flexibility of the AOs basis set is needed. A negligibly small shift of these relativistic effects is found from HX to CH 3 X. This may be an indication that such terms are largely dominated by contributions from inner shell AOs. In fact it was explicitly shown by Gómez, Romero, and Aucar 36 that this is the case for the MC contribution by carrying out a localized molecular orbitals decomposition.
Values of ͑SZ-K͒ and ͑BSO͒ obtained for the H nucleus in both HX and CH 3 X are negligibly small in all cases. The overall value of Ϸ2.5 ppm found for the C nucleus in both CH 3 Br and CH 3 I is found to be independent of the heavy nucleus. Therefore it can be speculated that this is not a relativistic effect originated in the heavy atom and transmitted to the C one, but this effect is strictly originated in the C electrons.
As mentioned above, contributions from operators closely related to those considered in the present work were numerically analyzed by different authors. The MC term 7 was quantitatively analyzed by Visscher et al. in HX compounds. 5 It was decomposed into molecular orbital ͑MO͒ contributions by Gómez, Romero, and Aucar. 36 Calculations of the second-order spin-orbit term were carried out in HX 7, 34 and CH 3 X. 34 Recently, both the MC and second-order spin-orbit terms were carefully analyzed by Manninen et al. 9 When the constant factors connecting different approaches are taken into account, excellent agreement is found in all cases.
Active scalar contributions yielding relativistic corrections to the paramagnetic term
Relativistic effects identified as ͑OZ-K͒ and ͑PSO-K͒ in Eqs. ͑24͒ and ͑25͒ were considered in the bibliography only recently. 9, 15, 16 Manninen et al. 9 obtained numerical results of ͑OZ-K͒ for the noble gases, the hydrogen halides, and H 2 X compounds. In recent work by Baba and Fukui within the DKH approach, terms closely related to those discussed here were also considered in the ''level III'' calculation. 12 In the present work, the calculation of both terms was implemented in the SYSMO program 19 at the CHF level. Cartesian AOs obtained from the fully uncontracted Sadlej 20, 21 and aug-ccpVTZ basis sets [22] [23] [24] were used. Results are displayed in Table IV . For the heavy nucleus a shielding effect is obtained from both terms. Values obtained for ͑OZ-K͒ in HX with different basis sets are very stable and in full agreement with those of Manninen et al. 9 The ͑PSO-K͒ value is not fully converged. While the ͑OZ-K͒ term is insensitive to the change of chemical environment from HX to CH 3 X, a non-negligible shift is found for ͑PSO-K͒. For the light nuclei non negligible positive values are also found. The value of 5.98 ppm obtained for H in HI is particularly worthy to note, as it represents a significant portion of the full heavy atom effect observed in this case. Values obtained for the H nucleus in CH 3 X are also non negligible compared to the remainder relativistic effects.
Active scalar relativistic correction to the diamagnetic term
Scalar corrections to the diamagnetic component of the magnetic shielding tensor originated in field-dependent operators are obtained within first-order perturbation theory with the H Dia-K operator, Eq. ͑27͒, and gathered in the ͑Dia-K͒ term. We have separated the total value into two contributions. On one hand, 1 (Dia-K) is the value obtained for the ␦-type operators contained in BB N and the last term of Eq. ͑27͒, and is proportional to the electron density at the nucleus site in each case. On the other hand, the term dubbed 2 (Dia-K) gathers the remainder two terms in H Dia-K . Matrix elements of both operators involved have been calculated approximately as the product of the matrix representation of simpler operators, as indicated in Sec. II.
Results are displayed in Table V . The very large overall deshielding effect found for the heavy nuclei has its major contribution from 1 (Dia-K). This highly local contribution is insensitive to the change of chemical environment from HX to CH 3 X. The 2 (Dia-K) contribution is also very significant for the heavy nuclei. Very stable values are obtained with different basis sets and negligibly small shifts from HX to CH 3 X are found. For the H nucleus in HX, a negligibly small value is found for 1 (Dia-K), and a small deshielding effect is given by 2 (Dia-K). For C in CH 3 X, the value given by 1 (Dia-K) is very similar for both XϭBr and X ϭI. Therefore, it can be considered that this is not a relativistic effect originated in the heavy nucleus and transmitted to the light one, but this value is certainly originated in the inner shell electrons of the C atom. The 2 (Dia-K) contribution is small and negative. Small negative overall values are also found for the H nucleus in CH 3 X.
This relativistic correction to the diamagnetic term was not explicitly considered within the ESC approach until recent work. 9, 15, 16 In DKH calculations by Baba and Fukui, terms similar to the ones here presented are considered in the level III calculation.
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IV. DISCUSSION
The total relativistic effect on the magnetic shielding constants in HX and CH 3 X are summarized in Table VI . The most reliable value of each contribution as discussed in the corresponding section is considered to obtain the total values quoted in Table VI . As mentioned above, the only contributions for which significant differences are found when calculated with the enlarged basis sets are the ͑Mv͒ term and the SD term of the SZ-K and BSO corrections. The shift from HX to CH 3 X in the full relativistic correction of the magnetic shielding of the heavy nuclei is very small compared to the individual contributions. It may be seen that relativistic effects yielding the largest corrections are not those yielding the most important contributions to the shift from HX to CH 3 X. This is the case, for instance, of ͑SZ-K͒, ͑BSO͒, and ͑Dia-K͒. This fact suggests that such terms originate mainly in the inner-shell electrons, as it was explicitly discussed for the MC term in Ref. 36 and for the Dia-K one in 
Molecule N Ref. 16 . A small shielding of the heavy nucleus is obtained from the SO, sc , and ͑PSO-K͒ terms. The calculated shift of the nonrelativistic shielding constant calculated at the RPA level with the aug-J-un basis set is a deshielding of 23.76 ppm for XϭBr and 160.20 ppm for XϭI. Very close results are obtained with the enlarged basis sets. It is thus seen that the shift from HX to CH 3 X of the full shielding constant is largely dominated by the nonrelativistic terms. The effect of the relativistic corrections is to reduce the corresponding values in both cases.
For the light nucleus directly bonded to the heavy atom, we obtain, in agreement with previous studies, 30 that the overall relativistic effect is closely reproduced by the SO one in the case of the H nucleus. However, we stress the importance of the other contributions ͑PSO-K͒ and ͑Dia-K͒ to obtain the correct results when the gauge origin is placed at the light nucleus position in fixed gauge origin calculations. For ͑C͒ in CH 3 I, the non-SO contribution is of about Ϫ3 ppm, which is non negligible.
In Table VII the total magnetic shielding constants in HX are displayed and compared to values from the bibliography. It is important to recall that all calculations in the present work were carried out at the Hartree-Fock and RPA levels of approximation. In doing so we intend to obtain uncorrelated results which can be compared with benchmark fourcomponent results within the RPA-DHF approach. 5 Other numerical results obtained within the ab initio self consistent approach are as follows: ZORA, 11 DKH, 12 quasirelativistic DKH, 14 and calculations by Manninen et al. based on the Breit Pauli Hamiltonian. 9 The work by Manninen et al. 9 is based in a formalism which is the closest to that of the present work, and therefore it will be considered with special care. The main differences to be expected in numerical results are as follows: In first place, different expressions for several closely related operators are obtained. However, the existence of a sum rule connecting both formalisms was explicitly proven as part of Ref. This means that only corrections due to the mass-velocity and Darwin effects on the unperturbed molecular state are considered. In the present work, the ͑Dia-K͒ term collects the remainder relativistic effects on the diamagnetic term. It is very interesting to compare the obtained results. When the PSO-K contribution obtained in this work is added to the total magnetic shielding of the heavy nuclei X in HX (X ϭBr,I) of Manninen et al. ͑see Table VII͒ , the obtained value is in very close agreement with the four-component results of Visscher et al. 5 It is thus verified that the ESC formalism is an excellent approximation to the full relativistic effect on magnetic shielding constants within the diamagnetic approximation at least for Z of the order of 50. However, in the present work very large negative contributions from the ͑Dia-K͒ term are found for the heavy nuclei. As a consequence the full relativistic effect within the present ESC formalism comes very close to the values obtained within the ZORA approach. 11 At this point the question whether the ESC and ZORA formalisms yield good approximations to the relativistic magnetic shielding constant including the effect of so called ''electron-positron rotations '' 6 remains open. But these values suggest that such effect cannot be neglected when accurate results are sought. Recent work on the noble gas atoms seems to confirm this assertion. 6 For instance it was found that the Dirac-Fock linear response DF-LR value for the magnetic shielding constant of Xe (Zϭ54) is 6938 ppm, 6 but the sum of the relativistic shielding considering only ''electronic'' rotations plus the diamagnetic contribution obtained with the diamagnetic approximation is 7985 ppm. It is thus seen that within this last approach the magnetic shielding constant is overvalued by Ϸ1000 ppm. This result is fully consistent with the findings of the present work for I (Zϭ53): the total value of the ZORA and present LR-ESC approach are Ϸ1200 ppm smaller than the four-component result of Visscher et al. 5 A deeper analysis of this problem is clearly necessary and work along this line is under progress in our group.
Results for the light H nucleus in HX show excellent agreement between the present calculations and those of Manninen et al. 9 and DKH ones. 12, 14 Comparison of individual contributions must be carried out with care as different gauge origins were considered by Manninen et al. ͑gauge origin at the heavy nucleus͒ and in the present work ͑gauge origin at the nucleus of interest in each case͒. It can be concluded that all the neglected contributions in the work by Manninen et al. should yield negligibly small or mutually cancelling values when calculated with the gauge origin at the heavy nucleus. For comparison with four-component results of Visscher et al. ͑gauge origin at the heavy nucleus͒, it is interesting to point out that in four-component RPA calculations two-body effects originating in the Coulomb interaction are taken into account within the mean field approach. Therefore, small differences originating in these contributions should be expected. For instance, the two-body ͑third-order͒ spin-orbit contribution yields Ϫ1.32 ppm for H in HI and Ϫ0.61 ppm for H in HBr. 5 Although only the spin-same orbit contribution is included in Dirac-Coulomb calculations, these values can be taken as indicative of the differences to be expected. In fact, if such values are added to the total relativistic correction found in this work, agreement with four-component values of Visscher et al. becomes excellent. This very important result indicates that the ESC approach is an excellent approximation for the magnetic shielding constant of the light nucleus in the vicinity of a heavy atom for Z as large as 50.
V. CONCLUDING REMARKS
In this work the capability of the LR-ESC approach to reproduce four-component results of the nuclear magnetic shielding constants of the heavy and light nuclei in HX compounds was analyzed. It is seen that LR-ESC results within the diamagnetic approximation match closely fourcomponent results of Visscher et al. 5 for the magnetic shielding constant of the heavy nucleus. However, when the effect of electron-positron rotations is included within the LR-ESC approach, there are very large negative contributions correcting the diamagnetic term. The numerical accuracy of such contributions should be verified carrying out the corresponding four-component calculations. Results for the H nucleus are also in excellent agreement with four-component values of Visscher et al. 5 It is worthy to mention that in fourcomponent Dirac-Hartree-Fock calculations, two-body effects are included within the mean-field approach. Therefore, a detailed comparison with LR-ESC values may be carried out only if such two-body effects are estimated within the LR-ESC approach. This will be the subject of future work. However, looking at the obtained results it can be expected that such contributions will be very small.
Calculations of the relativistic effect on the nuclear magnetic shielding constant of the heavy nucleus in HX and CH 3 X allowed to analyze the sensitivity of different contributions to the change in chemical environment. In fact, some of the largest contributions to the absolute nuclear magnetic shielding constant showed negligibly small shifts from HX to CH 3 X. The overall shift is dominated by nonrelativistic effects. A decomposition into molecular orbitals contributions could be a valuable tool to determine the relative importance of inner and valence shell electrons in defining a given relativistic effect. 16, 36 In the present work all calculations were carried out at the RPA level and compared to RPA four-component calculations. 5 For comparison with experimental values, correlation effects should also be taken into account, as it is known that such effects may be very important for some relativistic effects discussed in the present work. 33 It is worthy to mention that the theoretical framework in which the present work is based is a four-component many-body RSPT͑2͒ expression of magnetic properties. The inclusion of correlation effects is therefore consistent with the LR-ESC approach and work along these lines is under progress in our research group.
